Bluetongue virus (BTV), the aetiological agent of bluetongue (BT), is a small (about 70 nm in diameter) icosahedral virus with a genome composed of ten linear segments of double-stranded RNA (dsRNA), which is packaged within an icosahedral nucleocapsid composed of seven structural proteins. The BTV genome evolves rapidly via genetic drift, reassortment of genome segments (genetic shift) and intragenic recombination. This evolution, and random fixation of quasispecies variants during transmission of BTV between susceptible animals and vectors appear to be the main mechanism leading to the observed genetic diversity amongst BTV field strains. The individual BTV gene segments evolve independently of one another by genetic drift in a host-specific fashion, generating quasispecies populations in both ruminant and insect hosts. Reassortment of BTV genes is responsible for genetic shift among strains of BTV, and has been demonstrated after infection of either the ruminant host or insect vector with different strains or serotypes of BTV. Intragenetic recombination, whereby mosaic genes are generated from the "splicing" together of homologous genes from different ancestral viral strains, has been demonstrated for BTV. The genetic variation of BTV is likely responsible for differences in the virulence and other phenotypic properties of individual field strains of the virus.
Introduction
Bluetongue (BT) is an arthropod-borne viral disease of ruminants and camelids (Vervoerd and Erasmus 2004) , caused by an arbovirus and transmitted by haematophagous midges of the genus Culicoides (Mellor et al. 2000) . BT has a significant economic impact, mainly due to the disease effect on animals (morbidity, mortality, reproductive failure, reduction in milk yields and weight gain) and, most of all, to the disruption of international trade of animals and aniCorrespondence to: W. Niedbalski, e-mail: wieslaw.niedbalski@piwzp.pl, tel.: +48 43 825 31 24 mal products (Saegerman et al. 2008) . The aetiological agent of BT, bluetongue virus (BTV), belongs to the family Reoviridae and the genus Orbivirus (Mertens et al. 2005) . Twenty six immunologically distinct serotypes of BTV have been identified worldwide to date (Schwartz-Cornil et al. 2008 , Chaignat et al. 2009 , Mann et al. 2011 . The occurrence of BTV closely matches the distribution of Culicoides midges and climate conditions that support a large population of these insects. Therefore, BTV is endemic in many tropical, sub-tropical and temperate regions of the Polish Journal of Veterinary Sciences Vol. 16, No. 3 (2013) N, during times of the year that are optimal for vector activity (Mellor et al. 2000) .
Serotype heterogeneity of BTV and strain variation within each serotype occurs as a result of a high rate of mutation of viral RNA during replication and recombination/reassortment between genetic material of relative strains during co-infection. This article reviews the structure and evolution of BTV driven by genetic drift, reassortment (genetic shift) and intragenic recombination.
The structure of BTV
BTV is a small (about 70 nm in diameter) icosahedral virus with a genome of approximately 19 200 base pairs, composed of ten linear segments of double-stranded RNA (dsRNA), which is packaged within an icosahedral nucleocapsid composed of seven structural proteins (Roy and Noad 2006) . BTV particles are architecturally complex in structure (Fig. 1) . The inner capsid, forming the core, is made up of 60 dimers of the major protein VP3 (coded for by segment 3) and three minor (VP1, VP4 and VP6) enzymatic viral proteins (RNA-dependent RNA polymerase, capping enzyme and helicase, respectively) which are relatively conserved among members of the BTV serogroup. The middle shell is composed of 780 copies of VP7 (coded for by segment 7) which are arranged as 260 trimers. The "core" proteins (VP1, VP3, VP4, VP6 and VP7) are thought to be relatively conserved, and are antigenically cross-reactive between different strains and serotypes of BTV. However, cross-hybridisation and sequencing studies have shown that these genome segments can vary in a manner that reflects the geographic origin of the virus strain (topotype) (Mertens et al. 1987 , Pritchard et al. 2004 . The outer capsid is composed of two major structural proteins, 60 VP2 trimers (coded for by segment 2) and 120 VP5 trimers (coded for by segment 6) (Roy 2005) . Genome segments 2 and 6 show high levels of sequence variation which correlate with virus serotype (Mann et al. 2007 ). The BTV outer capsid proteins VP2 and VP5 determine the specificity of interactions between the virus particle and the neutralizing antibodies generated during infection of the mammalian host (Mertens et al. 1989) . Additionally, the viral subcore consists of the nonstructural proteins NS1, NS2, NS3, and NS3A, which participate in the control of BTV replication, maturation, and export from the infected cell (Roy and Noad 2006) . Genome segment 10 (encoding NS3/NS3A of BTV) is more variable than the majority of the genome segments encoding the other non-structural or core proteins. It has been suggested that variation in segment 10 might relate to transmission of the virus by different insect vector populations and species (Balasuriya et al. 2008 ).
The evolution of BTV
During replication of viruses, in the process of producing copies of viral nucleic acid, mistakes occur which are known as mutations. Viruses containing RNA, such as BTV, generate a higher rate of mutations than viruses containing DNA because there is no effective proof-reading mechanism in the replication strategies employed by RNA viruses and, as a result, mutants or quasispecies are generated during infection (Domingo and Holland 1997) . Mutation by nucleotide substitution is considered to be one of the important evolutionary mechanisms because it is a major source of new mutant BTV RNA. The analysis of segments 2, 3, 6 and 10 of time stratified nucleotide sequences of a worldwide panel of BTV isolates has shown that the evolutionary rate in these segments varies from between 0.52 and 6.0 × 10 -4 nucleotide substitutions per site/per year (Carpi et al. 2010) . The evolution of BTV segment 3 suggested that very strong purifying selection reduces the rate of substitution at the first and second codon positions (Nomikou et al. 2009 ). Previous estimates of the nucleotide substitution rate in BTV have ranged from 2.2 × 10 -3 to 4.2 × 10 -4 subs/site/year, which are similar to those observed in other RNA viruses (Kowalik and Li 1991) .
The BTV genome evolves rapidly via genetic drift (Bonneau et al. 2001) , reassortment of genome segments, producing antigenic shift , Shaw et al. 2013 , and through intragenic recombination (He et al. 2010) . These evolutionary processes result in the generation of quasispecies populations in the host of vector, from which variants with optimal fitness may be selected under different environmental conditions. This evolution and random fixation of quasispecies variants during the transmission of BTV between susceptible animals and vector appear to be the main mechanism leading to the observed genetic diversity amongst BTV field strains (Bonneau et al. 2001 , Balasuriya et al. 2008 . The sequential transmission of plaque purified BTV-10 between sheep, cattle and Culicoides sonorensis midges and the genetic characterization of viral genes (VP2 and NS3 encoding genome segments) indicate that whereas the BTV-10 consensus sequence remained largely conserved, viral replication in each host also resulted in the establishment of a unique set of minor quasispecies variants in both ruminant and insect hosts. Thus, the authors conclude that genetic drift and founder effect contribute to diversification of individual gene segments of field strains of BTV (Bonneau et al. 2001 ). Furthermore, negative selection of individual BTV genes occurs over time following the incursion of novel viruses into new regions, creating genetically distinct region-specific clusters (topotypes) of certain virus genes (Bonneau et al. 1999 , Balasuriya et al. 2008 .
Reassortment of viral genome segments clearly plays a major role in the generation of genetic heterogeneity. Reassortment of BTV genes is responsible for genetic shift among different strains of the virus, and has been demonstrated after infection of either the ruminant host or insect vector with different strains or serotypes of BTV (Samal et al. 1987b ). The segmented nature of the BTV genome allows the virus to freely exchange its genome segments between different co-infecting strains in concurrently infected host cells. The opportunity for BTV to re-sort in nature is emphasized through the observation that concurrent infection with more than one strain of ruminants in the field have frequently been demonstrated (Brenner at al. 2010) . Evidence for the reassortment of viral genes in BTV field isolates has also been obtained though hybridization (De Mattos et al. 1991) and molecular sequencing studies (White et al. 2006 , Maan et al. 2012 ). The occurrence of genome segment reassortment between two antigenically related BTV serotypes (BTV-11 and BTV-17) was demonstrated in cattle. A minimum of six genome segments participated in reassortment, with 16 unique reassortant constellations being identified ). The epizootic consequences of genome segment reassortment are significant. The viruses isolated from a given animal in the field will reflect only those which were best suited for preferential replication. Animals infected with two or more viruses may not express parental genotypes in significant titers even though these genotypes contributed extensively to the genomic complement of high-titer progeny reassortants . Studies on the kinetics of BTV genetic reassortment have shown that this process occurs at varying frequencies in different host systems, e. g. the fraction of reassortment progeny clones recovered from viraemic sheep was approximately 5% (Samal et al. 1987b ) while in the bovine it was much higher (89%) . From a mixed invertebrate host (Culicoides midges) a high fraction of reassortments (7-78% of clones recovered per infected midge) has also been recovered (Samal et al 1987a) , and these results suggest that the insects are a highly permissive host for the reassortment of the virus in nature. This is especially significant when one considers that Culicoides are infected with the virus for the duration of their adult life span and that adult female biting midges may take multiple blood meals (Mellor et al. 2000) . The high frequency (54%) of reassortment of the study on the BTV genome has also been shown in infected African green monkey kidney (Vero) cells (Raming et al. 1989) . The recent study of the process of BTV reassortment between BTV-1 and BTV-8 has shown that reassortment in BTV is very flexible, and there is no fundamental barrier to the reassortment of any genome segments (Shaw et al. 2013) .
Typically one of the parental viral strains dominated the yield of recovered virions with the other parental strains only being represented by its contribution of genome segments to the reassortant progeny. Multiple unique reassortant strains could further be isolated from each of the host systems, with some strains dominating the yield of the recovered reassortant progeny later during infection. This suggests that these viruses had either reassorted their genome segments earlier during the infection cycle, and had therefore replicated to a higher titre, or that the viruses had acquired genome segments that conferred a selective replication advantage over the other reassortant progeny. Indeed, reassortment appears to occur non-randomly for some genome segments (El Hussein et al. 1989 . BTV genetic reassortment may be facilitated by the selection of viral RNA by non-structural protein 2 (NS2) during the packaging of the viral genome segments into sub-core particles. The NS2 rapidly forms as a matrix around individual transcribing viral cores in the cytoplasm of infected cells (Gould and Hyatt 1994) .
Intragenic recombination, whereby mosaic genes are generated from the "splicing" together of homologous genes from different ancestral viral strains, has been demonstrated for BTV. Analysis of complete BTV gene sequences representing all of the genome segments of the virus has indicated that up to 1.6% of the analyzed sequences represented unique recombination events (He et al. 2010) . Recombination has occurred in all of the viral genome segments except segments 5 and 6, with recombinants having undergone either single, double or multiple cross-over events. It was found that several BTV strains isolated at different time points and from different geographical locations contained genome segments which appeared to be descended from common mosaic ancestors, indicating that recombinant genes had become fixed amongst dominant strains in the field. This study shows that acquisition of the recombinant genes may have resulted in an increased evolutionary fitness of the viruses in the field and can play a potential role in generating the genetic diversity of BTV and exert its influence on the change in BTV epidemiology (He et al. 2010) . The authors suggest that the recombination can be facilitated by the regions within the viral genome that are prone to the formation of RNA secondary structures. RNA structure predictions indicated that the regions around the breaking points of all mosaic sequences demonstrated the potential for RNA secondary structures to form (He et al. 2010) .
The circulation of BTV in different regions of the world has led to the evolution of distinct geographical strains or topotypes of the virus. On the basis on phylogenetic analysis of sequences of the majority of viral genome segments, BT viruses are divided into western and eastern lineages . BTV also demonstrates serious genetic variation amongst strains that circulate in the same geographical region. It was shown that the nucleotide sequence of the NS3/NS3A encoding gene of BTV isolates collected from pools of Culicoides sonorensis varied over a three month period from 97.54 to 100% nucleotide sequence identity (Bonneau et al. 2002) . The genetic heterogeneity of BTV is likely responsible for differences in the virulence and other phenotypic properties of individual field strains of the virus. BTV serotype 4, isolated in South Africa, was highly virulent when inoculated experimentally into sheep , whereas BTV-4 from South and Central America was less virulent and rarely produced clinical disease (Gibbs and Greiner 1994) . The higher virulence of South African than Australian strains of BTV has also been reported (Kirkland 2004) . The genetic heterogeneity are responsible for differences of phenotypic properties of BTV strains and these differences can complicate the design and use of nucleic acid based virus detection methods such as conventional RT-PCR or real-time RT-PCR assays.
